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Figure 1-1: ATP-binding cassette(ABC) subfamilies 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1-2: Structure and motifs of nucleotide binding sites 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1-3: Crystal structure of P-glycoprotein and Sav1866 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1-4: Model based on MsbA structures  
Transporting model based on three MsbA structures, respectively in open apo, closed apo and nucleotide bound 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1-5: Structure of ClC-ec1 
Blue and red helices, two subunits; yellow and orange cylinder, two sudo-symmetric domains which constitutes one 




















































































































































































































































































































































































































































































































Figure 1-7: Gating of ClC-0  
Gating of ClC channels is comprised of fast gating and slow gating which operate in different timescales. The arrows 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2-1: Open and closed TMD in Sav1866 
A. Superposition of snapshots at the end of simulations with 2ATP and ADPA_ATPB, shown separately of TMD in B 
and C. Helix 1 is separately highlighted in cyan and orange, helix 6 in purple and yellow, other parts of protein in blue 
and red. D. Timeseries of the volume of the opening of TMD at the level of extracellular leaflet lipids. Different cases 






























































































































































Figure 2-2: Binding distance of Sav1866 in different nucleotide occupancy 





















































































Figure 2-3: Binding distance of apo P-glycoprotein  
















































































































































































































































































































































































































































































































































Figure 2-7: Two binding sites of Sav1866 in different configurations 
A snapshot at the end of 100ns Sav simulation with 2ATP. In binding site I, Q422 coordinates with the Mg ion, D423 


















































































































































Figure 2-8: Rotation of helical domain upon ATP hydrolysis 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2-10: Network among helix 1, helix 3, helix 4 and helix 6 
Snapshot at the end of 100ns’ simulations with 2ATP. Red, helical domain (residue 426-494); cyan, IC; pink, helix1 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3-2: Ion permeation and size of the intracellular gate 
A. Timeseries of z coordinate of ion, Scen and distance between CA atoms of S107 and Y445. B. Histogram of the 



































































































































































































































Figure 3-3: Free energy calculation of ion permeation and variation of the intracellular gate 
Free energy calculations with the z positions of two ions in the pore relative to Scen as the reaction coordinates. 
Without X-link, A; with X-link, B. The variation of the distance between CA atoms of S107 and Y445 when the lower 























































































































































































































































Figure 3-4: Interaction of I402 and Y445 and kink of helix O 
A. X-ray structure with kink helix O in PROB; B. Interaction energy between I402 and Y445 in PROB; C. The 










































































































































































































































































































































Figure 3-5: Interaction energies between residues close to I402 and Y445 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4-2: Ion permeation event 
A. Timeseries of ion position along z axis(ion), central binding site (Scen1, center of mass of 356 and 357, Scen2, 
center of mass of 107 and 445), intracellular binding site (Sint, center of mass of 107 and 108), distance between CA 
atoms of 107 and 445(107_445_CA), between CA of 357 and OH of 445(357CA_445OH), and dihedral angles 
357chi1(357_N_CA_CB_CG); B. Snapshots at the end of 2ns simulations. C. Snapshots at the end of 22ns 
simulations.  D. Timeseries of distance between OE1 atom of E148 and N atom of A358 (148OE1_358N), 357chi1 





















































































































































































































































































Figure 4-3: X-link influences F357chi1-chi2 distribution 































































































































































































































No. Condition Reaction coordinate(s) Results 
1 w/o X-link Fig.4-4A 
2 X-link 
x=zion_relative(upper ion) 
y=zion_relative(lower ion) Fig.4-4D 
3 No ions Fig.4-5A, B 
4 One ion at Scen Fig.4-5C, D 
5 One ion at Sext Fig.4-5E, F 
6 One ion at Scen 
One ion at Sext 
x=357chi1 
Fig.4-5G, H 
7 357chi1=-70  Fig.4-7A 
8 357chi1=-160 
x=zion_relative(upper ion) 
y=zion_relative(lower ion) Fig.4-7B 
Table 1: list of free energy calculations (potential of mean force, PMF) 
zion_relative= zion_relative- zscen 

























































































































































Figure 4-4: Conformational changes of F357 during ion permeation 
Free energy landscape of ion permeation(kcal/mol): A, without X-link; D, with X-link. F357chi1 when the lower ion is at 
Scen(0.0) with the higher ion at different positions (window_z, Å) in the samplings of the free energy calculations: B, 
without X-link; D, with X-link. F357chi1 when the higher ion is at Sext(5.5) with the lower ion at different positions in the 





Figure 4-5: Free energy calculations of F357chi1 with different ion occupancy 
Without ions, PROA, A; PROB, B. With one ion at Scen, PROA, C; PROB, D. With one ion at Sext, PROA, E; PROB, 




























































































Figure 4-6: Ion binding and conformation of F357 
All the four snapshots are taken from the sampling of pmf calculations of F357 when F357chi1=-160 (sideway). One 







































































































































































Figure 4-7: Free energy calculations of ion permeation with restrained 357chi1 and structural 
analysis 
Free energy landscape: 357chi1=-70, A; 357chi1=-160, B. Distance analysis when lower ion goes through the 




160, D; between the lower ion and 108HN, 357chi1=-70, E; 357chi1=-160; between the lower ion and 109HN, 









































































































































































































































































































































































































































































































































Figure 4-8: A network near the chloride ion permeation pathway There	
  are	
  different	
   residues	
   and	
   interactions	
   surrounding	
   the	
  pore.	
  As	
   seen	
   in	
  Fig.4-­‐8,	
   on	
   the	
   left	
   side,	
   charged	
   interactions	
   dominate,	
   while	
   hydrophobic	
  interactions	
   constitute	
   the	
  main	
   interactions	
   on	
   the	
   right	
   side.	
   Conformational	
  changes	
  of	
  F357	
  directly	
  modify	
  the	
  conformation	
  and	
  dynamics	
  of	
  helix	
  N.	
  The	
  H-­‐bond	
   between	
   G146	
   and	
   G355	
   could	
   contribute	
   to	
   the	
   transfer	
   of	
   the	
  movement	
   in	
   helix	
  N	
   to	
   helix	
   F,	
  which	
   includes	
  E148.	
   Therefore,	
   through	
   such	
  pathway,	
  F357	
  could	
  influence	
  the	
  extracellular	
  gate.	
  Moreover,	
  conformational	
  changes	
  in	
  helix	
  F	
  could	
  be	
  transferred	
  to	
  helix	
  E	
  by	
  H-­‐bond	
  between	
  Q153	
  and	
  K131	
  and	
  hence	
  to	
  helix	
  D	
  by	
  H-­‐bond	
  between	
  K131	
  and	
  G106.	
  In	
  this	
  way,	
  F357	
  could	
   also	
   influence	
   the	
   position	
   and	
   conformation	
   of	
   S107,	
   one	
   of	
   the	
   two	
  residues	
   that	
   form	
   the	
   intracellular	
   gate.	
   The	
   right	
   hand	
   side	
   feature	
  hydrophobic	
   interactions	
   among	
   F357,	
   Y445,	
   I402	
   and	
   L398.	
   Thus,	
  conformational	
   change	
  of	
  F357	
   could	
   influence	
   that	
  of	
  Y445,	
   the	
  other	
   residue	
  that	
  form	
  the	
  intracellular	
  gate.	
  Therefore,	
  F357	
  could	
  influence	
  both	
  gates.	
  Notably,	
  such	
  network	
  describes	
  the	
  possible	
  molecular	
  correlation	
  between	
  the	
  two	
   gates,	
  making	
   sure	
   that	
   only	
   one	
   gate	
   is	
   open	
   at	
   a	
   given	
   time.	
   Besides,	
   it	
  could	
  also	
  explain	
  the	
  X-­‐link	
  effect.	
  Since	
  L398	
  and	
  I402	
  both	
  belong	
  to	
  helix	
  O	
  where	
  A399	
   is,	
  a	
  X-­‐link	
  between	
  A399	
  and	
  A432	
  could	
  reduce	
   the	
   flexibility	
  of	
  L398	
  and	
  I402.	
  Due	
  to	
  the	
  hydrophobic	
  interaction	
  and	
  limited	
  space	
  available	
  in	
  this	
  region,	
  the	
  movement	
  of	
  aromatic	
  ring	
  of	
  F357	
  would	
  become	
  difficult.	
  
	
   63	
  
4.3 Discussion:	
  
4.3.1 Ion	
  binding	
  and	
  conformation	
  of	
  F357	
  F357	
   is	
   highly	
   conserved	
   in	
   both	
  ClC	
   channels	
   and	
   transporters.	
   This	
   suggests	
  that	
  F357	
  could	
  be	
  important	
  in	
  the	
  transport	
  mechanism	
  in	
  both	
  channels	
  and	
  transporters.	
  The	
  amino	
  acid	
  of	
  ClC-­‐1	
  corresponding	
  to	
  F357	
  of	
  ClC-­‐ec1	
  is	
  F484.	
  F484C	
   and	
   F484A	
   of	
   ClC-­‐1	
   significantly	
   reduce	
   affinity	
   of	
   the	
   inhibitor	
   9-­‐anthracene	
   carboxylic	
   acid	
   (9-­‐AC)	
   	
   (Estévez	
   et	
   al	
   2003),	
   implying	
   the	
   role	
   of	
  F484	
   in	
   ion	
   binding	
   affinity	
   of	
   ClC-­‐1.	
   Our	
   simulations	
   showed	
   the	
   correlation	
  between	
  ion	
  binding	
  in	
  ClC-­‐ec1	
  and	
  the	
  conformation	
  of	
  F357.	
  In	
  particular,	
  F357	
  is	
  intrinsically	
  found	
  in	
  its	
  down	
  conformation	
  (357chi1=-­‐70),	
  while	
  ion	
  binding	
  at	
  Scen	
  favors	
  the	
  sideway	
  conformation	
  of	
  F357	
  (357chi1=-­‐160).	
   Different	
   Y445	
  mutants	
   have	
   implied	
   different	
   chloride	
   ion	
   binding	
   affinity,	
   as	
  deduced	
   from	
   ion	
  occupancy	
   in	
  X-­‐ray	
  structures	
   	
   (Accardi	
  et	
  al	
  2006).	
  Mutants	
  Y445F	
   and	
  Y445W	
  have	
   ion	
   occupancy	
   at	
   Scen	
   similar	
   to	
   that	
   of	
   in	
  WT,	
  while	
  Y445L,	
   Y445A,	
   Y445H	
   and	
   Y445E	
   display	
   reduced	
   ion	
   occupancy	
   at	
   Scen.	
   ITC	
  measurements	
  later	
  confirmed	
  the	
  extremely	
  low	
  chloride	
  ion	
  binding	
  affinity	
  at	
  Scen	
  in	
  Y445A	
  and	
  Y445H,	
  and	
  intermediate	
  for	
  Y445L	
  	
  (Picollo	
  et	
  al	
  2009).	
  This	
  implies	
   that	
   the	
   aromatic	
   ring	
   is	
   essential	
   at	
   this	
   position	
   for	
   chloride	
   ion	
  binding.	
   Similar	
   to	
   Y445,	
   F357	
   has	
   an	
   aromatic	
   ring	
   and	
   lines	
   around	
   the	
  chloride	
  ion	
  permeation	
  pore.	
  Furthermore,	
  F357	
  is	
  just	
  above	
  Y445.	
  When	
  F357	
  is	
  in	
  its	
  sideway	
  conformation,	
  Y445	
  is	
  less	
  constraint.	
  When	
  F357	
  is	
  in	
  its	
  down	
  conformation,	
  Y445	
  could	
  be	
  repulsed	
  and	
  has	
  to	
  move	
  to	
  a	
  lower	
  position.	
  Such	
  interaction	
  may	
  be	
  important	
  for	
  ion	
  binding	
  at	
  Scen.	
  The	
   ion	
   binding	
   at	
   Scen	
  was	
   also	
   demonstrated	
   to	
   be	
   indispensible	
   for	
   proton	
  transport	
  and	
  coupling	
  	
  (Accardi	
  et	
  al	
  2006;	
  Nguitragool,	
  &	
  Miller	
  2006)	
  .	
  	
  Since	
  our	
  simulations	
  indicate	
  a	
  correlation	
  between	
  ion	
  binding	
  and	
  F357,	
  F357	
  may	
  also	
   be	
   involved	
   in	
   the	
   mechanism	
   of	
   proton	
   transport.	
   Such	
   correlation	
   is	
  implied	
  in	
  an	
  investigation	
  of	
  the	
  hydration	
  pathways	
  for	
  proton	
  transport	
  	
  (Han	
  et	
  al	
  2014).	
  It	
  was	
  found	
  that	
  for	
  the	
  formation	
  of	
  water	
  wires,	
  the	
  chloride	
  ion	
  at	
  Scen	
   is	
   required	
   and	
   I109	
   has	
   to	
   move	
   away	
   from	
   the	
   hydrophobic	
   region	
  formed	
  with	
  F199,	
   F357	
   and	
  Y445	
   through	
   side-­‐chain	
   rotation.	
  As	
   seen	
   in	
   our	
  free	
  energy	
  calculations	
  with	
   restrained	
  F357chi1,	
   I109	
  would	
  coordinate	
  with	
  chloride	
   ion	
   at	
   Scen	
   when	
   F357chi1=-­‐160,	
   implying	
   the	
   conformational	
  correlation	
  between	
  F357	
  and	
  I109.	
  Therefore,	
  the	
  conformation	
  of	
  F357	
  seems	
  to	
   be	
   correlated	
   with	
   the	
   water	
   wire	
   formation	
   as	
   well,	
   especially	
   that	
   the	
  distribution	
  of	
  the	
  conformation	
  of	
  F357	
  is	
  shown	
  to	
  be	
  different	
  in	
  the	
  sampling	
  snapshots	
  with	
  and	
  without	
  water	
  wires	
  	
  (Han	
  et	
  al	
  2014).	
  	
  
4.3.2 Two	
  conformations	
  in	
  the	
  transport	
  cycle	
  	
  Our	
   simulations	
   suggest	
   that	
   the	
   two	
   conformations	
   of	
   F357	
   could	
   represent	
  different	
   states	
   of	
   the	
   transport	
   cycle	
   of	
   ClC-­‐ec1.	
   When	
   F357	
   is	
   in	
   a	
   sideway	
  conformation,	
   the	
   protein	
   is	
   inclined	
   to	
   recruit	
   the	
   ion	
   with	
   the	
   external	
   gate	
  open	
   and	
   the	
   intracellular	
   gate	
   closed.	
   This	
   is	
   generally	
   called	
   outward	
   facing	
  conformation.	
   When	
   F357	
   is	
   in	
   a	
   down	
   conformation,	
   the	
   protein	
   is	
   likely	
   to	
  release	
  the	
  ion,	
  with	
  the	
  external	
  gate	
  closed	
  and	
  the	
  intracellular	
  gate	
  open.	
  And	
  it	
  is	
  the	
  inward	
  facing	
  conformation.	
  Accordingly,	
  alternating	
  of	
  the	
  conformation	
  seems	
  to	
  be	
  essential	
  in	
  the	
  transport	
  mechanism	
  while	
  the	
  X-­‐link	
  between	
  399	
  
	
   64	
  
and	
  432	
  prevents	
  conformational	
  change	
  in	
  F357	
  and	
  hence	
  restrains	
  the	
  protein	
  to	
  be	
  in	
  one	
  of	
  the	
  two	
  alternating	
  conformations.	
  The	
   X-­‐ray	
   structure	
   of	
   E148Q	
   demonstrates	
   an	
   outward	
   facing	
   conformation	
  with	
   an	
   open	
   extracellular	
   gate	
   and	
   closed	
   intracellular	
   gate.	
   In	
   this	
  conformation,	
  F357	
  is	
  in	
  its	
  sideway	
  conformation,	
  which	
  is	
  consistent	
  with	
  our	
  implication	
  that	
  an	
  outward	
  facing	
  protein	
  comes	
  with	
  a	
  sideway	
  F357.	
  Although	
  no	
   X-­‐ray	
   structure	
   has	
   been	
   reported	
   to	
   represent	
   the	
   inward	
   facing	
  conformation	
  of	
  ClC-­‐ec1,	
   given	
   that	
   alternating	
  between	
   the	
   inward	
   facing	
   and	
  outward	
  facing	
  conformations	
  is	
  essential	
  in	
  different	
  transporters,	
  it	
  should	
  also	
  apply	
   to	
   ClC	
   transporters.	
   However,	
   it	
   should	
   be	
   different	
   from	
   the	
   classical	
  alternating	
   mechanism.	
   First,	
   instead	
   of	
   one	
   pathway	
   for	
   both	
   substrates,	
   the	
  chloride	
  ions	
  and	
  protons	
  take	
  different	
  pathways	
  	
  (Accardi	
  et	
  al	
  2005).	
  Second,	
  the	
  rule	
  of	
  one	
  substrate	
  bound	
  at	
  a	
  time	
  does	
  not	
  apply,	
  but	
  rather	
  simultaneous	
  substrates	
   binding	
   is	
   required	
   	
   (Picollo	
   et	
   al	
   2012).	
   Comparison	
   of	
   the	
   X-­‐ray	
  structure	
  between	
  WT	
  and	
  E148Q	
  demonstrates	
  that	
  the	
  extracellular	
  gate	
  could	
  open	
  by	
  moving	
  the	
  side-­‐chain	
  of	
  E148	
  away	
  from	
  the	
  pore	
  without	
  influencing	
  the	
   intracellular	
   gate.	
   Taking	
   E148Q	
   as	
   a	
   surrogate	
   for	
   the	
   E148	
   protonated	
  state,	
   the	
   transport	
  mechanism	
   in	
  ClC-­‐ec1	
  could	
  be	
   seen	
  as	
   the	
  combination	
  of	
  the	
   protonation	
   of	
   E148	
   and	
   alternating	
   conformations	
   for	
   chloride	
   ion	
  transport.	
   Nevertheless,	
   in	
   which	
   conformation	
   protonation	
   of	
   E148	
   occurs	
   is	
  still	
  mysterious.	
  	
  
4.3.3 Interaction	
  between	
  intracellular	
  gate	
  and	
  extracellular	
  gate	
  Although	
  it	
  is	
  still	
  not	
  clear	
  how	
  protonation	
  of	
  E148	
  occurs,	
  the	
  conformation	
  of	
  E357,	
  which	
  was	
  proposed	
  to	
  mediate	
  the	
  alternating	
  mechanism,	
   is	
  correlated	
  with	
  that	
  of	
  E148.	
   In	
  our	
   free	
  energy	
  calculations	
  of	
  F357chi1	
  with	
  two	
   ions	
   in	
  the	
   pore,	
   when	
   the	
   protonated	
   E148	
   is	
   sideway,	
   F357	
   is	
   likely	
   to	
   take	
   the	
  sideway	
   conformation,	
   which	
   corresponds	
   to	
   a	
   closed	
   intracellular	
   gate.	
  However,	
  when	
  the	
  protonated	
  E148	
  takes	
  the	
  down	
  conformation	
  to	
  coordinate	
  the	
  ion	
  at	
  Scen,	
  F357	
  favors	
  down	
  conformation,	
  which	
  is	
  corresponding	
  to	
  the	
  conformation	
   to	
   release	
   the	
   ion	
   with	
   an	
   open	
   intracellular	
   gate.	
   Therefore,	
  conformation	
  of	
  E148	
  could	
  be	
  correlated	
  to	
  the	
  opening	
  of	
  the	
  intracellular	
  gate.	
  Given	
   the	
   E148	
   is	
   considered	
   as	
   the	
   extracellular	
   gate,	
   there	
   seems	
   to	
   be	
  interaction	
  between	
  intracellular	
  gate	
  and	
  extracellular	
  gate,	
  which	
  is	
  consistent	
  with	
  the	
  X-­‐link	
  experiment	
  linking	
  residues	
  399	
  and	
  432.	
  	
  	
  	
  Actually,	
   such	
   interaction	
   has	
   been	
   implied	
   in	
   the	
   studies	
   of	
   ClC-­‐ec1	
  mutants.	
  Y445A	
   alone	
   does	
   not	
   generate	
   higher	
   chloride	
   flux	
   than	
  WT,	
   even	
   at	
   pH	
   4.5,	
  where	
   the	
   extracellular	
   gate	
   should	
   be	
   open	
   much	
   of	
   the	
   time.	
   Also,	
  E148Q/Y445A	
  could	
  not	
   speed	
  up	
   the	
   rate	
  either.	
   	
  Only	
  when	
  both	
  gates	
  were	
  removed	
   in	
  mutants	
   E148A/Y445A,	
   are	
   the	
   unitary	
   Cl-­‐	
   transport	
   rates	
   greatly	
  increased	
  	
  (Jayaram	
  et	
  al	
  2008),	
  implying	
  the	
  role	
  of	
  E148	
  in	
  the	
  opening	
  of	
  the	
  intracellular	
   gate.	
   Besides,	
   not	
   only	
   the	
   extracellular	
   gate	
   could	
   influence	
   the	
  intracellular	
   gate,	
   the	
   conformation	
   of	
   the	
   intracellular	
   gate	
   might	
   also	
  contribute	
  to	
  the	
  opening	
  of	
  the	
  extracellular	
  gate.	
  A	
  mutation	
  at	
  the	
  intracellular	
  pore	
  entrance	
  of	
  ClC-­‐0,	
  K519,	
  influences	
  the	
  closing	
  rate	
  of	
  the	
  fast	
  gate,	
  which	
  is	
  similar	
  to	
  the	
  extracellular	
  gate	
  of	
  the	
  ClC	
  transporters	
  	
  (Chen	
  et	
  al	
  2003).	
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4.4 Conclusion:	
  In	
  this	
  work,	
  conformational	
  changes	
  of	
  F357	
  were	
  identified	
  to	
  be	
  essential	
  for	
  chloride	
  ion	
  permeation.	
  Two	
  conformations	
  of	
  F357	
  are	
  correlated	
  with	
  inward	
  facing	
   and	
   outward	
   facing	
   conformations	
   of	
   ClC-­‐ec1,	
   which	
   constitute	
   the	
  alternating	
  mechanism	
   of	
   chloride	
   ion	
   transport.	
   The	
   conformation	
   of	
   F357	
   is	
  correlated	
   to	
   ion	
   occupancy	
   in	
   the	
   pore	
   as	
   well	
   as	
   the	
   conformation	
   of	
   E148.	
  Since	
  the	
  ion	
  binding	
  at	
  Scen	
  and	
  Glu	
  at	
  the	
  position	
  of	
  148	
  are	
  both	
  essential	
  for	
  proton	
   transport,	
   the	
   conformation	
   of	
   F357	
   could	
   be	
   correlated	
   to	
   proton	
  transport	
  as	
  well.	
  Therefore,	
   the	
   transport	
  mechanism	
  of	
  ClC-­‐ec1	
   is	
  a	
  modified	
  version	
  of	
  the	
  alternating	
  mechanism,	
  in	
  which	
  chloride	
  ions	
  permeate	
  with	
  the	
  alternation	
  between	
  the	
  outward	
  facing	
  and	
  inward	
  facing	
  conformations,	
  while	
  the	
   chloride	
   ion	
   binding	
   during	
   the	
   permeation	
   trigger	
   the	
   proton	
   transport.	
  Chloride	
   ion	
   binding	
   at	
   Scen	
   and	
   protonation	
   of	
   E148	
   seems	
   to	
   be	
  interdependent.	
  Which	
  one	
  should	
  occur	
   first	
  and	
  what	
  kind	
  of	
  conformational	
  changes	
  the	
  protein	
  should	
  experience	
  are	
  still	
  open	
  to	
  answer.	
  	
  
4.5 Method:	
  
4.5.1 System	
  preparation	
  In	
   order	
   to	
   explore	
   the	
   conformational	
   change	
   of	
   the	
   CLC	
   structure	
   that	
   is	
  restrained	
  by	
  X-­‐link,	
   two	
  systems	
  mimicking	
   the	
  experimental	
   conditions	
  were	
  set	
  up	
  for	
  simulations.	
  Default	
  protonation	
  states	
  of	
  all	
  residues	
  in	
  the	
  forcefield	
  are	
  used.	
  The	
  molecular	
   systems	
  were	
  assembled	
  using	
   the	
  CHARMM-­‐GUI	
  web	
  service.	
   The	
   crystal	
   structure	
   of	
   CLC-­‐ec1(PDB:	
   1ots)	
   from	
   OPM(Orientation	
   of	
  Proteins	
   in	
   Membranes	
   database)	
   was	
   used	
   for	
   simulations	
   under	
   periodic	
  boundary	
  conditions	
  in	
  a	
  NPT	
  assemble	
  with	
  the	
  temperature	
  of	
  323.15K	
  and	
  the	
  pressure	
  of	
  1atm.	
  The	
  rectangular	
  periodic	
  system	
  box	
  contained	
  two	
   layers	
  of	
  bilayer	
   composed	
   of	
   dimystoylphosphatidylcholine	
   (DMPC)	
   lipid	
   molecules	
  between	
  protein	
  molecules,	
  water	
  molecules	
  10	
  Å	
  above	
  and	
  below	
  the	
  protein,	
  and	
   potassium/chloride	
   ions	
   to	
   neutralize	
   the	
   systems	
   and	
   imitate	
   a	
   150	
  mM	
  KCL	
  solution.	
  	
  
4.5.2 Molecular	
  dynamic	
  simulations	
  Simulations	
   were	
   carried	
   out	
   using	
   CHARMM36	
   forcefield	
   by	
   NAMD	
   {Phillips	
  2005}	
  for	
  100ns	
  with	
  the	
  following	
  parameters.	
  The	
  cutoff	
  for	
  both	
  the	
  Lennard-­‐Jones	
   and	
   Coulomb	
   interactions	
  was	
   12	
  Å.	
  Non-­‐bonded	
   forces	
  were	
   calculated	
  every	
  step.	
  The	
  switching	
  function	
  begins	
  to	
  take	
  effect	
  at	
  10	
  Å.	
  Non-­‐bonded	
  pair	
  list	
   is	
   updated	
   every	
   10	
   steps,	
   which	
   includes	
   all	
   the	
   pairs	
   with	
   16	
   Å.	
   Long-­‐ranged	
   electrostatic	
   interactions	
   were	
   treated	
   every	
   step	
   by	
   Particle	
   Mesh	
  Ewald(PME)	
  method	
  with	
   the	
   interpolation	
  order	
  of	
  6.	
  Langevin	
  dynamics	
  was	
  used	
   on	
   non-­‐hydrogen	
   atoms	
   to	
   maintain	
   the	
   temperature	
   constant	
   with	
  damping	
  coefficient	
  of	
  1/ps	
  while	
  constant	
  pressure	
  was	
  controlled	
  by	
  Langevin	
  piston	
   Nosé-­‐Hoover	
   method	
   with	
   the	
   oscillation	
   period	
   of	
   50	
   fs	
   and	
   the	
  oscilallation	
   decay	
   time	
   of	
   25	
   fs.	
   All	
   bonds	
   involving	
   H	
   are	
   constrained	
   to	
   the	
  nominal	
  length	
  in	
  the	
  parameter	
  file	
  using	
  the	
  SHAKE	
  algorithm.	
  The	
  simulations	
  last	
  100	
  ns	
  with	
  a	
  timestep	
  of	
  2	
  fs.	
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4.5.3 Free	
  energy	
  calculations	
  Free	
   energy	
   calculation	
   is	
   an	
   important	
   method	
   to	
   explore	
   states	
   and	
   the	
  transition	
  of	
  the	
  states	
  in	
  the	
  transporting	
  cycle	
  of	
  channels	
  and	
  transporters.	
  In	
  our	
   work,	
   iPMF	
   	
   (Wojtas-­‐Niziurski	
   et	
   al	
   2013),	
   based	
   on	
   umbrella	
   sampling	
  method,	
  was	
  used	
  to	
  calculate	
   the	
   free	
  energy	
   landscape	
  along	
  certain	
  reaction	
  coordinates.	
  All	
  the	
  calculations	
  were	
  listed	
  in	
  Table	
  1.	
  	
  In	
   order	
   to	
   understand	
   the	
   X-­‐link	
   effect	
   on	
   the	
   ion	
   permeation,	
   monomer	
  systems	
  with	
  and	
  without	
  X-­‐link	
  were	
  set	
  up	
  by	
  CHARMM	
  	
  (Brooks	
  et	
  al	
  2009).	
  In	
  both	
  systems,	
  two	
  ions	
  were	
  put	
  in	
  the	
  pore,	
  and	
  their	
  z	
  coordinates	
  relative	
  to	
  Scen	
  were	
  used	
  as	
  two	
  reaction	
  coordinates.	
  Starting	
  with	
  one	
  ion	
  at	
  Sext	
  and	
  the	
  other	
  at	
  Scen,	
  2D	
  free	
  energy	
  landscapes	
  were	
  calcultated	
  by	
  iPMF,	
  with	
  300ps’	
  sampling	
  in	
  w/o	
  xlink	
  (PMF1)	
  and	
  xlink	
  (PMF2)	
  Since	
   conformational	
   change	
   of	
   F357	
   was	
   seen	
   in	
   the	
   ion	
   permeation,	
   in	
   the	
  transporting	
  cycle,	
  different	
  ion	
  binding	
  states	
  should	
  be	
  correlated	
  to	
  different	
  conformations	
  of	
  F357.	
  In	
  order	
  to	
  get	
  insight	
  of	
  the	
  favorable	
  conformations	
  of	
  F357	
   in	
   different	
   ion	
   binding	
   states,	
  we	
   performed	
   1D	
   free	
   energy	
   calculation	
  based	
  on	
  400ps’	
  sampling	
  with	
  chi1	
  of	
  F357	
  as	
  the	
  reaction	
  coordinate	
  in	
  three	
  systems	
  with	
   different	
   ion	
   occupancy:	
   no	
   ion	
   binding	
   (PMF3),	
   one	
   ion	
   at	
   Scen	
  (PMF4),	
   one	
   ion	
   at	
   Sext	
   (PMF5),	
   and	
   two	
   ions	
   at	
   Sext	
   and	
   Scen	
   separately	
  (PMF6).	
  	
  To	
  investigate	
  the	
  effect	
  of	
  the	
  conformation	
  of	
  F357	
  on	
  the	
  ion	
  permeation,	
  with	
  z	
  positive	
  of	
  two	
  ions	
  relative	
  to	
  Scen	
  as	
  the	
  reaction	
  coordinates,	
  2D	
  free	
  energy	
  calculation	
  were	
  performed	
  based	
  on	
  300ps’	
  sampling	
  by	
  iPMF	
  with	
  chi1	
  of	
  F357	
  restrained	
  to	
  be	
  -­‐70	
  (PMF7)	
  and	
  -­‐160	
  (PMF8).	
  
4.5.4 Structural	
  analysis	
  OpenStructure	
   	
   (Biasini	
   et	
   al	
   2010)	
   is	
   used	
   to	
   characterize	
   the	
   ion	
  permeation	
  and	
  the	
  conformational	
  change	
  observed	
  in	
  different	
  systems.	
  	
  The	
  following	
  timeseries	
  were	
  calculated:	
  1)	
  z	
  coordinates	
  of	
  the	
  ion	
  in	
  the	
  pore	
  and	
   Scen1,	
   Scen2,	
   Sint,	
   defined	
   as	
   the	
   center	
   of	
   mass	
   of	
   residue	
   356/357,	
  107/445,	
  107/108	
  separately;	
  2)	
  distance	
  between	
  CA	
  atoms	
  of	
  S107	
  and	
  Y445,	
  between	
  CA	
  atom	
  of	
  F357	
  and	
  OH	
  atom	
  of	
  Y445,	
  between	
  OE1	
  atom	
  of	
  E148	
  and	
  N	
  atom	
  of	
  A358;	
  3)	
  chi1	
  of	
  F357,	
  E148.	
  The	
   distribution	
   of	
   chi1/chi2	
   fo	
   F357	
   in	
   100ns’	
   molecular	
   simulations	
   were	
  calculated.	
  F357chi1	
  in	
  the	
  sampling	
  of	
  PMF1	
  and	
  PMF2	
  was	
  calculated	
  along	
  the	
  relative	
  z	
  of	
  the	
  higher	
  ion	
  with	
  the	
  lower	
  ion	
  at	
  Scen	
  (z=0.0)	
  or	
  along	
  the	
  relative	
  z	
  of	
  the	
  lower	
  ion	
  with	
  the	
  higher	
  ion	
  at	
  around	
  Sext	
  (z=5.5).	
  	
  The	
  size	
  of	
  the	
  intracellular	
  gate	
  and	
  the	
  ion	
  coordination	
  were	
  calculated	
  for	
  the	
  sampling	
  of	
  PMF7	
  and	
  PMF8.	
  In	
  particular,	
  the	
  distance	
  between	
  CA	
  of	
  107	
  and	
  445	
  was	
   calculated	
   to	
   represent	
   the	
   size	
  of	
   the	
   intracellular	
   gate.	
  The	
  distance	
  between	
   ion	
   and	
   HN	
   atom	
   of	
   108	
   or	
   109	
   was	
   calculated	
   to	
   examine	
   the	
   ion	
  coordination.	
   The	
   calculation	
   were	
   all	
   performed	
   on	
   the	
   samplings	
   along	
   the	
  relative	
  z	
  of	
  the	
  lower	
  ion	
  with	
  the	
  higher	
  ion	
  at	
  Sext	
  (z=5.0)	
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5 Conclusion	
  	
  In	
  this	
  thesis,	
  three	
  allosteric	
  conformational	
  changes	
  were	
  identified:	
  1)	
  In	
  the	
  Pgp/Sav	
   systems,	
   small	
   conformational	
   changes	
   in	
   NBD	
   lead	
   to	
   rotation	
   of	
  helices	
  in	
  TMD,	
  controlling	
  the	
  cavity	
  of	
  TMD	
  to	
  recruit	
  and	
  release	
  allocrites;	
  2)	
  In	
   the	
  ClC-­‐ec1	
  system,	
  conformation	
  of	
  helix	
  O	
  determines	
  different	
   interaction	
  between	
   the	
   bottom	
   of	
   helix	
   O	
   and	
   Y445,	
   regulating	
   the	
   opening	
   of	
   the	
  intracellular	
   gate	
   to	
   stop	
   and	
   release	
   chloride	
   ions	
   at	
   Scen;	
   3)	
   F357	
  of	
  ClC-­‐ec1	
  alternates	
  in	
  two	
  conformations	
  to	
  mediate	
  protein	
  conformations	
  to	
  recruit	
  and	
  release	
  chloride	
  ions.	
  All	
  of	
  these	
  changes	
  are	
  common	
  in	
  the	
  sense	
  that	
  a	
  small	
  change	
  is	
  enough	
  to	
  trigger	
  larger	
  and	
  function-­‐related	
  conformational	
  changes.	
  This	
   is	
  consistent	
  with	
   the	
   idea	
   that	
  small	
  structural	
  differences	
  could	
  underlie	
  the	
  specificity	
  of	
  channels	
  and	
  transporters.	
  Since	
  the	
  fast	
  gating	
  and	
  slow	
  gating	
  in	
   ClC	
   channels	
   seems	
   related	
   to	
   the	
   opening	
   of	
   the	
   extracellular	
   gate	
   and	
  intracellular	
   gate	
   of	
   ClC	
   transporters	
   due	
   to	
   similar	
   locations	
   of	
   the	
   important	
  residues,	
  studies	
  of	
  ClC	
  channels	
  and	
  transporters	
  should	
  be	
  carefully	
  compared	
  to	
  identify	
  the	
  small	
  but	
  important	
  distinction.	
  One	
  possibility	
  is	
  that	
  they	
  differ	
  in	
   the	
   correlation	
   between	
   the	
   extracellular	
   gate	
   and	
   the	
   intracellular	
   gate,	
  leading	
   to	
   or	
   avoiding	
   simultaneous	
   opening	
   of	
   the	
   two	
   gates.	
   Similar	
  comparison	
   should	
   be	
   also	
   applied	
   between	
   Pgp/Sav	
   and	
   CFTR,	
   the	
   channel	
  member	
   in	
   ABC	
   family,	
   to	
   understand	
   the	
   difference	
   in	
   their	
   coupling	
   of	
   ATP	
  hydrolysis	
  with	
  allocrites	
  transport.	
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